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ABSTRACT

The scope of the (4þ 3) cycloaddition using epoxy enol silanes has been examined. Unhindered and nucleophilic dienes react to give the highest
yields, but hindered dienes give rise to higher diastereoselectivities. Notably, the cycloaddition shows facial selectivity and stereospecificity for
the stereochemistry of the epoxy enol silane.

The (4þ 3) cycloaddition of allyl cations and dienes is an

efficient entry into the synthesis of seven-membered rings.1

Recent research in this field seeks to develop mild and

chemoselectivemethods to assemble and generate the oxy-

allyl cation for maximum functional group compatibility,

for applications in intramolecular cycloadditions, and in

late stages of the syntheses of complex natural products.2

Polyfunctionalized oxyallyl cations that can engage in

cycloaddition are also desirable to furnish more sophisti-

cated cycloadducts with a greater potential for synthesis.
Recently we reported on the development and optimiza-

tion of an intermolecular (4 þ 3) cycloaddition which
employed epoxy enol silanes as the dienophile.3 This cyclo-
addition afforded hydroxymethylenated bicyclo[3.2.1]-
octenones under mild reaction conditions and in good
yields (Table 1, entry 1). We have found that TES-enol
ether1a, insteadof thepreviously reportedTMS-derivative,4

reacted at low temperatures with a significant improve-
ment in cycloaddition efficiency. Herein we report on the
scope of this reaction and have delineated aspects of the
mechanism that could account for the yields and diaster-
eoselectivities. Notably, this (4 þ 3) cycloaddition was
found to be both facial selective and stereospecific with
respect to the epoxy enol silane.
We have observed that silyl triflates were able to pro-

mote the cycloaddition through epoxide activation
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(Table 1, entries 1-3), initially yielding silylated 2a

(Scheme 1, A = TES) as expected from the proposed

catalytic cycle (Scheme 1). Because an aqueous workup

resulted in varying degrees of desilylation, all product

mixtures were treated with HF-Et3N to induce complete

desilylation for consistency. The bulkier TBSOTf was able

to initiate the reaction, but more catalyst was needed for

complete reaction. Strong Brønsted acids also activated

the epoxide for cycloaddition, even though protonation of

the silyl enol ether could be a competing pathway (Table 1,

entries 5-7). However, weaker acids such as TFA could

not mediate the reaction effectively even in stoichiometric

amounts (Table 1, entry 8).
A screening of dienes (Table 2) showed that a range of

structural types participate in this cycloaddition. The high-
est cycloaddition yields were obtained with unhindered
dienes of good nucleophilicity (Table 2, entries 1, 3-5).
Substituents at or proximate to the site of carbon-carbon

bond formation hindered cycloaddition, resulting in lower
yields compared with the reactions of their corresponding
unsubstituted parent dienes (Table 2, entry 1 vs 2; entry 5
vs 6, 7). Dienes having substituents farther from the site of
bond formation (e.g., 3c and 3d) underwent cycloaddition
with good yields (Table 2, entries 2, 3), but the reaction
with the unsymmetrical furan 3c was not very regioselec-
tive (2:1). Electron-deficient dienes such as 3,4-dibromo-
furanwerenot reactive (<15%yields),while diphenylfulvene
and 2,3-dimethylbutadiene predominantly underwent poly-
merization under the reaction conditions. The overall
diastereoselectivity (R-2:β-2) of this cycloaddition with
1a as the dienophile was not high, although a preference
for endo cycloaddition5 to give R-2f was observed in the
reaction with the hindered spirocyclopentadiene, 4b.
A systematic study on the scope of the epoxy enol silanes

1was undertaken next, and the results are shown in Tables 3
and 4.6 With enol silanes bearing sterically more hindered
silyl groups (1b-d), the cycloaddition with furan (3a) or
cyclopentadiene (4a) required more than 10 mol %
TESOTf for complete reaction. According to the catalytic
cycle (Scheme 1), after the initiating step, the silyl group of
the enol ether ultimately propagates the reaction, and it
may be that bulky silyl groups are not as effective in acti-
vating the epoxides in subsequent rounds. Although low
diastereoselectivities were observed with unhindered dienes
(Table 3, entries 3-7, 9), the cycloadditions with the bulky
TBDPS-substituted enol ether 1d showed a dramatic range
in the mode of cycloaddition. A preference for the exo-
cycloadducts β-2 could be seen in the reactions of 1d with
furans 3a and 3d (Table 3, entries 7-8), but with the
hindered spirocyclopentadiene 4b, the endo-cycload-

Table 1. Reaction Conditions for Cycloaddition of 1a and
Furan

entry acids t (�C) yield of 2a

1 TESOTf (10 mol %) -91 75%

2 TESOTf (100 mol %) -91 75%

3a TMSOTf (10 mol %) -94 70%

4 TBSOTf (20 mol %) -91 58%

5 TfOH (10 mol %) -91 57%b

6 Tf2NH (10 mol %) -91 36%b

7 Tf2NH (100 mol %) -91 59%

8 TFA (100 mol %) -78 21%c

aReference 3. bResult improved from ref 3. cNot all of 1a is
consumed.

Table 2. (4 þ 3) Cycloaddition of 1a with Various Dienes

entry dienea X R1 R2 R3 yield R-2:β-2

1b 3a O H H H 2a, 75% 55:45

2c 3b O Me H H 2b, 32%d 66:34

3 3c O H Me H 2c, 70% 50:50e

4 3d O H Me Me 2d, 73% 45:55

5 4a CH2 H H H 2e, 76% 55:45

6 4b C(CH2)2 H H H 2f, 47% 77:23

7 4c (CH2)2 H H H 2g, 22% 43:57

a 5 equiv used. bReference 3. cYield improved from ref 3. d 5a (31%)
also obtained. e 2:1 mixture of regioisomers, total of 4 diastereomeric
products.

Scheme 1. Proposed Catalytic Cycle

(5) Endo refers to a syn relationship between the diene and the oxygen
in the dienophile, whereas Hoffmann used the term “compact” to
describe this cycloaddition mode: Hoffmann, H. M. R. Angew. Chem.,
Int. Ed. 1973, 12, 819–835.

(6) The structures of all cycloadducts were determined by 2-DNMR
andNOEcorrelations about the rigid bicyclic system; see the Supporting
Information.
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ductR-2fwasobtained exclusively (Table 3, entry 10). This
example demonstrates that it is possible to modify and
increase the diastereoselectivities of the cycloadditions by
theuse of 1bearing silyl groupswithvarying steric demands.
Epoxides with substituents at the site of carbon-carbon

bond formation (e.g., 1e, R4 =Me) would be expected to
favor C-O cleavage to yield a more substituted and sta-
bilizedoxyallyl cation species; on theotherhand, this electro-
phile would also be more hindered. In the event, 1e under-
went cycloaddition with unhindered dienes in slightly
diminished yields (Table 3, entries 11, 13), and with a
hindered furan such as 2,5-dimethylfuran (3b) in signifi-
cantly lower yield along with rearomatized product 5b

(Table 3, entry 12), revealing the deleterious effects of steric
hindrance toward cycloaddition. In the extreme case, no
reaction was observed between 1f and hindered spirocy-
clopentadiene 4b (Table 3, entry 14).
A trans- or cis-substituent (R5, R6 6¼ H) on the distal

carbon of 1f and 1g, respectively, would not be able to
stabilize the electrophilic species compared to its parent
epoxide 1a but could impose steric demands resulting in

different yields and stereodiscrimination in the cycloaddi-
tion. Cycloaddition of 1f (R5 = C5H11) bearing a sub-
stituent on a trans-epoxide with various dienes resulted in
moderate to good yields of cycloadducts (Table 3, entries
15-19). The decreased yield in the cycloaddition of 1fwith
furan was due to the formation of a bisfuran side product
6a (Figure 1, Scheme 2) from the quenching of the cationic
intermediate by silyl ether addition, a Class C product as
defined by Hoffmann.1i Significantly, in the reaction of 1f
and spirocyclopentadiene 4b, only one endodiastereomeric
cycloadduct R-2o was obtained (Table 3, entry 19). The
cycloaddition of 1g with various dienes proceeded with
generally lower yields than in the case of 1f, showing that a
cis-substituent in the epoxide is sterically more de-
manding in the cycloaddition than a trans-substituent
(Table 3, entries 20-22). The observation of only two
diastereomers, instead of four, from the cycloadditions of
1f and 1g indicates that the cycloaddition proceeded with
facial selectivity with respect to the dienophiles. This infers
that there is significant epoxide character in the transition
state of the cycloaddition.
Epoxides substituted at the enol silane (R7 6¼ H) would

be expected to yield electronically more stabilized but
sterically more demanding electrophilic intermediates.
The reactions of (Z)-1h and (Z)-1i produced good to
excellent yields of cycloadducts (Table 4, entries 1-4).
The (E)-enol ether 1i was sterically more demanding as a
dienophile, as can be seen from the decreased yields of

Table 3. (4 þ 3) Cycloaddition of Epoxy Enol Silanes 1a-1g

entry enol silane 1 dienea yield of 2 R-2:β-2

1b 1a (R = TES; R4, R5, R6 = H) 3a 2a, 75% 55:45

2 1a 4a 2e, 76% 55:45

3c 1b (R = TBS; R4, R5, R6 = H) 3a 2a, 38% 65:35

4c 1b 4a 2e, 56% 52:48

5c 1c (R = TIPS; R4, R5, R6 = H) 3a 2a, 60% 60:40

6c 1c 4a 2e, 60% 58:42

7c 1d (R = TBDPS; R4,

R5, R6 = H)

3a 2a, 59% 35:65

8c,d 1d 3d 2d, 43% 30:70

9c 1d 4a 2e, 55% 55:45

10c,d 1d 4b 2f, 46% R-2f only
11 1e (R = TES; R4 = Me,

R5, R6 = H)

3a 2h, 57% 72:28

12 1e 3b 2j, 27%e 75:25

13 1e 4a 2i, 56% 45:55

14 1e 4b NR --

15 1f (R = TES; R4, R6 = H,

R5 = C5H11)

3a 2k, 56%f 65:35g

16 1f 3b 2m, 25% 68:32

17d 1f 3d 2n, 56% 35:65

18 1f 4a 2l, 80% 51:49

19 1f 4b 2o, 67%h R-2o only

20 1g (R = TES; R4, R5 = H,

R6 = C5H11)

3a 2p, 27% 47:53

21 1g 4a 2q, 51% 40:60

22d 1g 3d 2r, 35% 22:78

a 5 equiv of diene used. bReference 3. cReaction completed using a
total of 20 mol % TESOTf. d t=-78 �C. e 5b (14%) also obtained. f 6a
(24%) also obtained. g endo/exo ratio = 50:50, taking into account that
6a resulted from an exo attack. h 6b (7%) also obtained.

Table 4. (4 þ 3) Cycloaddition of Epoxy Enol Silanes 1h-1i

entry enol silane 1 dienea yield dr

1 (Z)-1h (R7 = Me) 3a 82% 7w:7x:7y = 45:45:10

2 (Z)-1h 4a 57% 8w:8z = 50:50

3 (Z)-1i (R7 = Ph) 3a 66%b,c 9w:9x = 25:75

4 (Z)-1i 4a 97% 10w:10z = 45:55

5 (E)-1i (R7 = Ph) 3a 14%d 9y only

6 (E)-1i 4a 60% 10x:10y = 28:72

a 5 equiv used. bYield improved from ref 3. c 5c (26%) also obtained.
d
5c (31%) also obtained.

Figure 1. (4 þ 3) Cycloaddition Side Products 5a-c, 6a-b.
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cycloadducts and the concomitant formation of a signifi-
cant amount of 5c (Figure 1, Scheme 2), resulting from
termination by rearomatization.
The observation of 8w,z and 10w,z from the cycloaddi-

tion reactions of (Z)-1h7 and (Z)-1i respectively with
cyclopentadiene (4a) clearly indicated that both endo and
exo cycloadditionmodeswereoperative (Table4, entries 2, 4).
Notably, the reactions of (Z)-1i and (E)-1i generated com-
plementary pairs of diastereomeric cycloadducts (Table 4,
entries 4, 6), which infers that the reaction is stereospecific
with respect to the geometry of the enol silane.
The corresponding cycloadditions of (Z)-1h and (Z)-1i

with furan yielded cycloadducts 7w and 9w from endo
cycloaddition (Table 4, entries 1, 3), while diastereomers
7x and 9x could be understood as having been derived
froman initial exo attack at the epoxides of (Z)-1h and (Z)-
1i, followed by the enol ether reacting from the opposite
face after bond rotation, to set R7 at the pseudoequatorial
positions.8 This explanation is consistent with the known
preference of furan to undergo cycloaddition in an asyn-
chronous manner9 and with the structures of products
5a-c and 6a from interrupted cycloaddition, which show
that bond formation with furan first occurred at the
epoxide in the dienophile.
Summing up the observations of these experiments, the

(4 þ 3) cycloadditions of epoxy enol silanes occur with
good to excellent yields provided that the dienes are suffi-
ciently electron-rich and unencumbered. The stereochemi-
cal outcome could be explained by a reactant-like transi-
tion state which resembles 1 adopting the conformation as
shown (Scheme 3)10 and the diene approaching the dieno-
phile antiwith respect to the epoxide via both endo and exo
cycloaddition modes. Based on our empirical observa-
tions, the eastern hemisphere of 1 (Scheme 3) appears to
be the less sterically demanding end. The sterically more

hindered end of the diene having an oxygen with its lone
pairs when X=O for 3a, or the cyclopropyl moiety when
X=C(CH2)2 for 4b, orients to cycloadd via the endomode
(Table 3, entry 19).When the steric demands of thewestern
hemisphere of the dienophile is exacerbated by the use of
R = TBDPS, the preference for endo cycloaddition is
further increased to the point of being exclusive (Table 3,
entry 10). On the other hand, when the steric demands of
the diene increase at furan substituentsR2 andR3 as found
in 3d, exo-cycloaddition becomes favored (Table 3, entries
8, 17, 22). When both the diene and dienophile are ste-
rically encumbered, cycloaddition does not proceed
(Table 3, entry 14).
In conclusion, the examination of the scope of the (4þ 3)

cycloaddition of epoxy enol silanes revealed that the reac-
tion proceeded with facial selectivity and stereospecificity
with respect to the epoxy enol silane, indicating that the
transition state is reactant-like and has significant epoxide
and alkene character. Unhindered and nucleophilic dienes
react to give the best yields, and the steric factors of the
diene and the dienophile could be manipulated to increase
the diastereoselectivity of the cycloaddition. A model to
account for the stereochemical outcomes has been pro-
posed. Our studies are ongoing to further delineate the
mechanistic pathway through both experimental and com-
putational work.11
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Scheme 2. Formation of Type C Products Scheme 3. Proposed Stereochemical Model
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